The present series of experiments was carried out to investigate CBP autoregulation during fixed levels of acute increased intracranial pressure (ICP). Three groups of six rats each, one with normal ICP (8 mm Hg), one with moderately increased ICP (30 mm Hg), and one with severely increased ICP (50 mm Hg), were investi gated. ICP was maintained by continuous infusion of lac tated Ringer solution into the cisterna magna. Cerebral perfusion pressure (CPP), calculated as mean arterial blood pressure -ICP, was increased by intravenously infused norepinephrine and decreased by controlled bleeding. In all groups the corresponding autoregulation curve included a plateau where CBP was independent of Within wide variations in cerebral perfusion pres sure (CPP), cerebral autoregulation ensures a steady blood supply to the brain by adjusting the cerebrovascular resistarke (CVR). This process is an active alteration of the caliber of the resistance vessels in the brain (Paulson et aI., 1990). How the fine mechanism of autoregulation is controlled is still not completely understood, but it has been shown that CBF is kept constant within the range of autoregulation during altered mean arterial blood pressure (MABP), intracranial pressure (ICP), and
jugular venous pressure (JVP) (Miller et aI., 1971 (Miller et aI., / 1972 Johnston et aI., 1972; Rowan and Johnston, 1975; Traystman, 1985, 1986; Borel et aI., 1987; McPherson et aI., 1988; Nitta et aI., 1990; Paulson et aI., 1990; Barz6 et aI., 1991; Chan et aI., 1992) . changes in CPP, demonstrating intact autoregulation. However, a significant shift of the lower limit of autoreg ulation (LL) toward lower CPP levels during severe in tracranial hypertension was observed (p < 0.006). In the controls the LL was found at CPP = 73 ± 6 mm Hg, in moderately increased ICP the LL was 59 ± 4 mm Hg, and in severely increased ICP the LL was 51 ± 4 mm Hg.
These results indicate that an acute elevation of ICP ac tivates a reserve capacity of cerebral resistance vessels that dilate further below the normal physiological LL to maintain CBP at low levels of CPP. Key Words: Autoreg ulation-Cerebral blood flow-Cerebral perfusion pres sure-Intracranial hypertension-Intracranial pressure.
Impairment of autoregulation in acute cerebral
diseases such as ischemic lesions, space-occupying lesions, subarachnoid hemorrhage, etc., seems to be a rather common phenomenon and may be due to tissue acidosis, increased extracellular potas sium, or endothelial disturbances (Paulson et aI., 1990) . Acute intracranial hypertension is a common characteristic of these diseases but it is still not known whether increased ICP contributes to the autoregulatoric dysfunction.
Most investigations of CBF autoregulation during elevated ICP have been carried out by measuring CBF at different levels of ICP in the same individ ual. In that way it is possible to obtain an autoreg ulation curve (CBF as a function of CPP), but noth ing can be concluded about the autoregulation dur ing a fixed level of intracranial hypertension. The few reports on this subject are ambiguous and the limits of autoregulation were not found (Johnston et aI., 1972; Rowan and Johnston, 1975) .
Therefore, by altering the MABP at different fixed levels of ICP, the present series of experi ments was undertaken to investigate (a) if autoreg ulation is intact in acute intracranial hypertension and (b) if the lower limit of autoregulation (LL) is altered by increasing ICP.
MATERIALS AND METHODS
Investigations of cerebral autoregulation require exten sive manipulations with MABP, which may result in ce rebral ischemia when CBF is measured below the LL. As cerebral ischemia by itself may result in autoregulatoric disturbances, it is not advantageous to carry out autoreg ulation studies at different levels in the same animal. Therefore we used several groups of animals.
Each group consisted of six Sprague-Dawley male rats weighing about 300 g: group A, six animals with normal ICP; group B, six animals with ICP at 30 mm Hg (4.0 kPa); and group C, six animals with ICP at 50 mm Hg (6.7 kPa). A fourth group of animals, with ICP at 70 mm Hg (9.3 kPa), was planned but had to be abandoned because this pronounced acute ICP elevation was fatal.
Anesthesia and surgical preparation
The animals were prepared 1-2 days before the exper iment by placing a thin indwelling catheter in the cisterna magna. On the day of the experiment the animals were anesthetized with a mixture of 30% O2, 70% N20, and 0.5% halothane. After intubation, ventilation was con trolled with a respirator to maintain the P aco2 at between 38 and 42 mm Hg (5.1-5.6 kPa). Catheters were inserted into the femoral arteries for blood sampling and monitor ing MABP. A catheter in the right femoral vein was used for drug administration and blood substitution.
ICP
ICP was monitored continuously via the cisternal cath eter. A three-way stopcock was placed between the cis ternal catheter and the pressure transducer. The third arm of the stopcock was connected via a polyethylene tube to a bottle of lactated Ringer solution (1.4 mM Ca, 4.0 mM K, 130 mM Na, 109 mM Cl, 28 mM lactate). Immediately after the surgical procedure the ICP was increased to the predetermined level in groups B and C by elevating the bottle of lactated Ringer solution. By this method it was easy to keep the ICP constant within a few millimeters of mercury during the study. Intracranial hypertension was achieved within 1 min. In group A the spontaneous ICP was measured without cisternal infusion. To ensure func tion of the cisternal catheter, the ICP dynamics were ob served on an oscilloscope. Animals without good pulsa tile ICP dynamics were excluded from the study.
CBF and autoregulation
After surgery the animal was allowed to rest for 30 min. Then CBF was measured using the method described by Hertz et al. (1977) . Xenon-133 dissolved in 30 fLl of saline (10 mCilml) was injected into the internal carotid artery through a catheter placed in the external carotid artery with the tip just cranial to the carotid bifurcature. The branches of the external carotid artery and the pterygo palatine artery were ligated to minimize the extracerebral contribution to the measurements. The activity was mea sured by a single collimated NaI (Th) crystal placed ipsi laterally over the exposed cranium. CBF was calculated from the initial slope of a semilogarithmic plot of the washout curve with correction for background activity (Olesen et aI., 1971) . This method allows for measure ment of CBF every 10 min.
After obtaining steady-state baseline values of CBF and MABP, the study of CBF autoregulation was per formed. Blood pressure was increased by intravenously administered norepinephrine and thereafter decreased by controlled bleeding. CBF was measured approximately 2 min after altering the MABP, at every 10-to 20-mm Hg change in MABP. After every CBF measurement the P aco2' pH, and P a02 were analyzed in an arterial blood sample. The blood withdrawn for these analyses was re placed with blood from a donor rat of the same strain. Body temperature was maintained at about 37,SOC. After every single experiment the rat was killed with a lethal intravenous bolus injection of KCI. CPP was calculated as MABP -ICP. The baseline physiological state of the animals is shown in Table 1 . All physiological-state values in each 20-mm Hg range of CPP during the autoregulation studies are shown in Ta ble 2.
The autoregulation curves for each individual animal are shown in Figs. 1-3.
Datum analysis
Student's unpaired t test was used to compare baseline values in group A vs groups B and C (Table 1) . One-way analysis of variance was used to compare physiological state values in each 20-mm Hg range of CPP in the three autoregulation studies (Table 2) .
To evaluate autoregulation all corresponding CPP/CBF values in each group were pooled. Because of differences in baseline CBF between the individual animals in each group, the CBF values for each animal were normalized to a percentage of the baseline CBF. Each CBF value was plotted against the corresponding CPP value . The autoregulation curves were determinated as de scribed by Schmidt et al. (1990) by repetitive fitting of two regression lines: one sloped regression line through the CPP/CBF points below a given CPP value and one hori zontal line through the CPP/CBF points above the given CPP value. One set of these regression lines was calcu lated for every I-mm Hg increment of CPP, and the cor responding sum of squares was calculated. The pair of regression lines yielding the minimum sum of squares was chosen as the autoregulation curve. The LL was defined as the CPP value corresponding to the intersection of the two chosen regression lines. The t test was used to com pare the LL between groups.
Differences were accepted as significant at the p < 0.05 level. 
RESULTS

Baseline values
There was no significant difference in baseline Pac02, pH, Pao2, or body temperature among the three groups (Table O . The baseline MABP did not differ between group A and group B but MABP was significantly higher in group C compared to both group A and group B (p < 0.01 and p < 0. 01, re spectively).
Since the mean rcp in group B was �20 mm Hg higher than in group A, a significant difference in CPP between the two groups was found (p < 0.05). Despite the increased MABP, the mean CPP in group C was significantly lower than in group A (p < 0.001). In group B the baseline CBF was 17% lower than in group A (p < 0. 05). However, there was no difference in baseline CBF between group C and group A.
Autoregulation
In the controls a normal autoregulation curve was found (Fig. 4) . The curve included a plateau where CBF was independent of changes in CPP; and the LL was 73 ± 6 (SEM) mm Hg.
In the groups with increased ICP the curves also included a plateau with autoregulation (Figs. 5 and 6). In group B the LL was 59 ± 4 mm Hg, whereas in group C it was 51 ± 4 mm Hg. The differences in LL between group A and group B and between group B and group C were not significant (p = 0.07 CBF (m1/100 g/min) and p = 0.15, respectively), but the LL in group C was significantly lower than in group A (p < 0.006). The physiological state during the autoregulation study is shown in Table 2. In the controls the P aco2 and body temperature were constant throughout the study, whereas the pH and P a02 were constant only in the CPP interval between 41 and 140 mm Hg. In the group with moderately increased ICP, the P a02 and body temperature were constant throughout the study. The P aco2 was constant in the CPP interval between 1 and 120 mm Hg, whereas the pH changed significantly throughout the study. In the group with severely increased ICP the physiological val ues did not change during the study.
The upper limit of autoregulation was not reached in any of the investigations. Figure 7 shows the CVR, calculated as CPP/CBF, for all three groups as a function of the CPP in in tervals of 20 mm Hg. A direct comparison among the curves is difficult because the baseline CBF is different in the three groups. However, it is shown that the CVR is decreased further below the LL during elevated ICP.
CVR
DISCUSSION
Baseline Values
Elevating the ICP above the normal level, about 8 mm Hg, to 30 mm Hg did not change the MABP, but further elevation, to 50 mm Hg, increased the MABP significantly. These findings indicate that the increase in MABP (the Cushing response) is ac tivated at ICP levels between 30 and 50 mm Hg, which corresponds to previous findings in experi mental intracranial hypertension (Johnston et al. , 1972; Nagao et al., 1984; Schrader et al., 1985a,b; Zierski, 1987; Hartmann et al., 1989; Barz6 et al. , 1991) .
The baseline CBF was 17% lower in the group with moderately increased ICP compared with the two other groups. These findings are not consistent with the previous investigations of cerebral autoreg ulation, where CBF was unaffected by elevation of the ICP by cisternal infusion until the CPP was de- creased to 40 mm Hg or less (Miller et ai., 19711 1972; Grubb et aI., 1975; McPherson et ai., 1988; Barz6 et ai., 1991) . In all groups in our study the baseline CPP was significantly above the LL and therefore also above 40 mm Hg (Table O . The lower baseline CBF in group B was probably a coinciden tal finding that does not affect the interrelationship of the other variables or the main conclusion of this study.
Autoregulation
The two most powerful systemic stimuli that may affect CBF are elevation of the Paco2 and hypoxia (Paulson et aI., 1990) . It is therefore important to maintain the P aco2 at normocapnic levels and to ensure an adequate oxygen supply to the brain. The P aco2 was kept constant within the normocapnic range throughout the study. Only at the high CPP levels in group B was there an increase in P aco2 ( Table 2) , but this minor increase did not affect the LL. The P a02 was above ischemic levels at all CPP levels in the three groups. Thus, CBF was not af fected by the minor changes in P a02 during the study. Changes in arterial pH were observed in groups A and B. However, if the P aco2 is kept con stant, then acute pH changes do not influence CBF (Lassen, 1968) . Consequently, the autoregulation curves were not affected by the minor changes in physiological state during the experiment.
The present study shows that the corresponding CPP/CBF curves for both investigation groups (groups B and C), as in the controls, include a pla teau where CBF is independent of changes in CPP. Thus, acute intracranial hypertension does not abolish CBF autoregulation.
As mentioned above the mechanism of autoregu lation is still unknown. According to the myogenic theory, the smooth muscle of the resistance vessels is responsive to changes in transmural pressure (Paulson et aI., 1990) . As an equivalent to the ex travascular pressure we used pressure in the cis terna magna, which corresponds to both epidural pressure and intraventricular pressure (Sadoshima et aI., 1981; Hartmann et ai., 1989) . Cisternal pres sure is easy to measure and manipulate. Utilizing cisterna magna pressure as a value for ICP is an established method in experimental intracranial hy pertension (Miller et aI., 197111972; Johnston et aI., 1972; Grubb et aI., 1975; Sadoshima et aI., 1981; Auer et al., 1987; McPherson et al., 1988; Hartmann et ai., 1989; Barz6 et aI., 1991; Chan et aI., 1992) .
In our study CBF was calculated mainly as cor tical blood flow, with only a small contribution from the deep brain structures (Olesen et aI., 1971) . Thus, even if a pressure gradient through the brain parenchyma were present after elevating the pres sure in the subarachnoid space, it could be consid ered insignificant in our study, where CBF and ICP were measured in directly adjoining spatial com partments.
When the intravascular pressure is increased as a result of elevated JVP, a reduction in CBF might be expected according to the myogenic theory, where the resistance vessels constrict in response to in creases in transmural pressure. However, CBF is also kept constant within the range of autoregula tion during altered JVP, which shows that the re sistance vessels dilate in response to increased ve nous pressure Traystman, 1985, 1986; McPherson et aI., 1988) . These results suggest that mechanisms other than those responsive to changes in transmural pressure are involved in cerebral au toregulation and force a theory of metabolic control of the autoregulation. However, our results are also in accordance with these findings, as an elevation of ICP is followed by a corresponding elevation of the cerebral venous pressure (Nakagawa et aI., 1974) . The metabolic theory states that a reduction in local blood flow results in the release of a vasoactive factor that elicits dilatation of the resistance vessels (Paulson et aI., 1990) .
In our study elevation of the ICP by 20.8 mm Hg (the difference between group A and group B) did not significantly alter the LL, but elevation of the ICP by 42.1 mm Hg decreased the LL by 22 mm Hg (group C vs group A). These findings thus indicate that the ICP participates in determining the LL but they do not explain how this takes place. Our re sults correspond to a study by Grubb et aI. (1975) , where the LL also was reached at a lower CPP during increased ICP, but the autoregulation curve in their study was obtained by altering the CPP by elevating the ICP and was consequently not ob tained during a steady level of increased ICP.
Intracranial hypertension activates the sympa thetic nervous system, and sympathetic activation is followed by a shift of the LL toward higher blood pressure levels (Sadoshima et al., 1981; Paulson et al., 1991) . The sympathetic nervous system con stricts the larger cerebral vessels but activity in the perivascular sympathetic fibers around the small cerebral vessels does not influence CBF. Thus, the shift of the LL after sympathetic activation is prob ably due to an autoregulatory response dilatation of the small resistance vessels rather than to a direct sympathetic vascular innervation (Paulson et al., 1991) . As acute intracranial hypertension is fol lowed by a shift of the LL toward lower levels of CPP, this shift cannot be due to sympathetic acti vation.
As an elevated ICP is likely to enhance the sym pathetic response to acute hemorrhage, a greater reduction in central blood volume may be required to achieve the same reduction in MABP. This may result in a greater reduction in the hematocrit, which increases CBF as a consequence of the lower viscosity and lower oxygen supply to the brain and may, in this way, explain the shift in LL found in animals with intracranial hypertension. However, a reduction in hematocrit increases the partition co efficient for xenon as well. The CBF calculated by uncorrected lambda is consequently lower than the actual CBF. The partition coefficient for xenon was not corrected for changes in hematocrit, as the he matocrit was not measured during the study. The CBF values calculated at the low CPP values, i.e., below the LL, may therefore be too low. Thus the reductions in hematocrit at the end of the study seem not to affect the conclusions about displace ment of the LL.
According to the metabolic theory of cerebral au toregulation, the additional vasodilation extending the LL with increased ICP may be due to increased release of vasoactive factors, which dilates the re sistance vessels. Animals with an elevated ICP were not allowed to rest longer than the controls before initiating the autoregulation study. Thus, a time-dependent phenomenon related to slow accu mulation of vasoactive metabolites as an explana tion for the shift in the LL can be excluded.
A downward shift of the LL is an increased abil ity of the resistance vessels to dilate below the nor mal LL. This ability is shown in Fig. 7 , where the CVR also is reduced below the LL in the groups with elevated ICP. CBP can be increased moder ately below the normal LL by CO2 inhalation or vasodilatory drugs . Our re sults show that acute intracranial hypertension can also activate this "reserve capacity" or part of it. In J Cereb Blood Flow Metab, Vol. 14, No.3. 1994 this way during acute increased ICP, autoregulation is able to maintain a steady CBF at CPP values lower than expected if the LL is independent of ICP.
Another experiment is needed to study whether the upper limit of autoregulation is also affected by elevated ICP. The present study was carried out in acute intracranial hypertension. Whether autoregu lation is intact and whether the LL is altered in chronic intracranial hypertension need to be studied in future experiments as well.
